ABSTRACT: Arm anthropometry is used as a proxy of body composition in clinical and field research but its validity has not been established in children. To address this issue, mid-upper arm circumference (MUAC) and triceps skinfold thickness (TS) were measured in 110 healthy children aged 4.4 -13.9 y (55 boys) and 49 cystic fibrosis (CF) patients aged 8.1-13.4 y (22 boys). Reference values were arm and whole-body fat mass (FM) and fat-free mass (FFM) measured by dual x-ray absorptiometry and four-component model, respectively. Arm fat area (AFA), MUAC, and TS correlated well with arm FM (r ϭ 0.84 -0.92) and total FM (r ϭ 0.78 -0.92). Arm muscle area (AMA) and MUAC correlated well with arm FFM (r ϭ 0.68 -0.82) and total FFM (r ϭ 0.60 -0.86). After adjusting for age, sex, and height, arm anthropometry correlated strongly with FM but weakly with FFM. AFA, MUAC, and TS explained 67, 63, and 61% of variability in total FM in healthy children and 70, 72, and 63% in CF. AMA and MUAC explained only 24 and 16% of variability in total FFM in healthy children and 33 and 28% in CF. Arm anthropometry is useful for predicting FM and ranking healthy children and patients for fatness. It has poorer success in predicting regional or total FFM. A rm anthropometry has been used as a proxy of body composition in both clinical and field research settings for decades. The cross-sectional AMA and AFA were introduced for the assessment of nutritional status of children in community settings (1,2) and proposed to be better than direct skinfold thickness and arm circumference measurements (3). This approach has been widely accepted and used to assess nutritional status in a variety of populations including pediatric patients in hospital settings. For example, AMA and AFA were used as outcome measures to evaluate nutritional interventions in children with cancer (4) and CF (5) and for the assessment of nutritional status in sick children (6 -8). Another common application in children is to predict and compare fat and lean mass in different populations with large sample sizes (9 -13) or to interpret the nutritional status of populations with regard to normal reference curves (14,15) in research settings. Despite the evolution of body composition measurement techniques, arm anthropometry is still popular because it is inexpensive and noninvasive, and can be measured without difficulty in almost any situation, especially in clinical settings where time and patients' tolerance is limited. However, the validity of this simple method for assessing body composition has not been established.
A rm anthropometry has been used as a proxy of body composition in both clinical and field research settings for decades. The cross-sectional AMA and AFA were introduced for the assessment of nutritional status of children in community settings (1, 2) and proposed to be better than direct skinfold thickness and arm circumference measurements (3) . This approach has been widely accepted and used to assess nutritional status in a variety of populations including pediatric patients in hospital settings. For example, AMA and AFA were used as outcome measures to evaluate nutritional interventions in children with cancer (4) and CF (5) and for the assessment of nutritional status in sick children (6 -8) . Another common application in children is to predict and compare fat and lean mass in different populations with large sample sizes (9 -13) or to interpret the nutritional status of populations with regard to normal reference curves (14, 15) in research settings. Despite the evolution of body composition measurement techniques, arm anthropometry is still popular because it is inexpensive and noninvasive, and can be measured without difficulty in almost any situation, especially in clinical settings where time and patients' tolerance is limited. However, the validity of this simple method for assessing body composition has not been established.
The value of arm muscle and fat area as proxies for lean and fat mass relies on the theoretical assumptions that i) the arm is cylindrical in form, ii) the subcutaneous fat is evenly distributed around a circular core of muscle, and iii) TS accurately separates fat and lean components of the arm and represents twice the thickness of subcutaneous fat in the arm (2) . These assumptions inevitably predispose the method to some inaccuracy. Although a few studies have reported good agreement (despite over-or underestimation) between anthropometric arm muscle and fat area and the cross-sectional area measured by ultrasonography (16) , CT (17, 18) , and magnetic resonance imaging (MRI) (19) , no study has explored the association between these measurements and reference methods of body composition in pediatric populations.
Our study aimed to evaluate arm anthropometric indices as proxies for regional as well as total body composition in healthy children and also in children with a condition (CF) in which nutritional problems are common and in whom simple methods for measuring body composition would be particularly relevant.
SUBJECTS AND METHODS
A total of 110 healthy children aged 4.4 -13.9 y (37 aged 4 -8 y, 34 aged 8 -12 y, 39 aged 12-14 y) who were born at term were recruited as part of a body composition reference study in healthy children. Obese children according to the International Obesity Task Force (IOTF) cut-off (20) were excluded to reduce confounding from skinfold measurement errors, as were children with any medical condition likely to affect growth. All measurements were conducted during a visit to the study center by one of three investigators. Forty CF patients aged 8.1-13.4 y participated in a body composition study at the same study center. Nine patients (four boys and five girls) were remeasured after 2 y. A total of 49 body composition measurements were therefore made in this group, all by one investigator. Ethical permission was obtained from the Research Ethics Committee of the Institute of Child Health and Great Ormond Street Hospital. Written informed consent and assent was obtained from the parents and children accordingly.
Body weight was measured with electronic scales to the nearest 0.01 kg and height was measured to the nearest 0.1 cm with a wall-mounted stadiometer (Holtain, Dyfed, United Kingdom). BMI was calculated as weight (kilograms) divided by the square of height (meters). TS was measured with Holtain calipers and MUAC was measured with a nonstretchable fiber glass insertion tape to the nearest 0.1 cm. Mid-arm was identified as being halfway between the acromion and olecranon process. TS was measured at the same level as MUAC in triplicate and the average of the three measurements was used. All measurements were done on the left side of standing subjects.
Pubertal status was self-assessed with the use of pictures of the Tanner stages for pubic hair and breast (female) or genital (male) development and was coded as prepubertal (Tanner stage ϭ 1) or pubertal (Tanner stage Ն 2).
Calculation of arm anthropometry. From the most widely used equation (1, 2) assuming the arm to be cylindrical, arm anthropometric indices were calculated as follows:
where MUAC and TS are in centimeters and TUA (total mid-upper arm area), AMA, and AFA are in square centimeters. Regional FM and FFM by DXA. BMC, FM, and FFM were determined using a GE Lunar Prodigy whole-body scanner (GE Medical Systems, Madison, WI) in conjunction with Encore 2002 software. The instrument automatically alters scan depth depending on the thickness of the subject, as estimated from age, height, and weight. A whole-body scan was performed while the subjects were wearing light indoor clothing and no metal objects. The typical scan duration was 5-10 min, depending on subjects' height. The radiation exposure per whole body scan was estimated to be 2.2 Sv, which is lower than the daily background radiation in the UK. All scans were performed and analyzed by one operator. The FM and FFM (including BMC) of both arms was obtained for comparison with anthropometric measurements. In vivo precision of regional soft tissue composition has not yet been determined in this device, as it was considered to be unethical to perform repeat scans in individual children. Previously reported precision values for DXA are Ͻ1% for whole body lean mass and Ͻ2% for FM in adults (21) , with slightly higher in vivo precision errors for regional than total body measurements (22) .
Total body FM and FFM by four-component model. Deuterium dilution. Total body water (TBW) was determined by D 2 O dilution with a dose equivalent to 0.05 g of deuterium oxide (99.9%) per kilogram body weight. Saliva samples were obtained predose and 4-h postdose by an absorbent salivettes, frozen at Ϫ30°C, and then analyzed in duplicate by Iso-Analytical Ltd. (Sandbach, UK) using the equilibration method (23) and continuous flow isotope ratio mass spectrometry. The mean SD of deuterium analyses by this technique in the laboratory is Ͻ2.5%. For calculating TBW, it was assumed that D 2 O dilution space overestimated total body water by a factor of 1.044 (24) . Correction was made for dilution of the dose by water intake during the 4-h equilibration period.
Air displacement plethysmography. Whole-body air displacement plethysmography was performed using the Bodpod body composition system (Life Measurement Instruments, Concord, CA), with the subject wearing a tightfitting swimming costume and a swimming cap. The principle was to measure the volume of air in the anterior chamber, using pressure changes induced by the oscillating diaphragm according to Boyle's laws of the relations between volume, pressure and temperature of gases. The machine provides raw body volume (L) for each subject from the difference between the volumes of air in this chamber, with and without the subject being present. Actual body volume was obtained after correction for the thoracic gas volume and surface area artifact by using the appropriate prediction equation for children from age, sex, weight, and height (25) . This method is more acceptable and has better precision than hydrodensitometry in children (25) .
Four-component model. The four-component model of body composition is robust to detect interindividual variability in the composition of FFM as well as maintaining accuracy across the range of body fat. This model divides body weight into fat, water, protein, and mineral, and hence avoids the assumption of a constant protein to mineral ratio in FFM by adding the measurement of bone mineral content from DXA. The various assumed densities of the four components were taken into account when calculating FM from the basic measurements.
where BV ϭ actual body volume in liters (from air displacement plethysmography), TBW ϭ total body water in liters (from deuterium dilution), BMC ϭ total body BMC in kilograms (from DXA), and BW ϭ body weight in kilograms. This calculation was described in detail elsewhere (26) . FFM was then calculated as the difference between body weight and FM.
Statistics. Height and BMI were converted to SD scores using 1990 UK reference data (27, 28) . Body composition variables were compared between subgroups of subjects using independent samples t test. Anthropometric data that were not normally distributed were transformed to natural log before analysis using parametric correlation (Pearson). Partial correlations were used to explore associations between arm anthropometry and regional or total body composition, after adjusting for age, sex, and height. The main analysis was conducted on both arms' composition from DXA, however, the agreement between right and left arm was tested and the analyses were repeated for the left arm only. The coefficient of determination (r 2 ) values are presented. General linear models were used to determine whether the predictive value of arm measurements differed between healthy children and CF patients after adjusting for age, sex, and height. Analyses were performed using SPSS version 12 (SPSS Inc., Chicago, IL).
RESULTS

Healthy children.
Characteristics of the healthy children are shown in Table 1 . The number of prepubertal children was not significantly different between boys and girls. Girls were significantly taller and heavier than boys in terms of absolute measurements, SD scores, and BMI. Boys' height and BMI SD scores were representative of the general population but girls were significantly taller (p ϭ 0.005) and heavier (p Ͻ 0.001) compared with 1990 UK reference data. Girls had significantly more total body and arm FM than boys, but there was no statistically significant difference in FFM. Girls also had significantly higher MUAC, TS, AMA, and AFA than boys.
Arm anthropometry and FM. The r 2 values are shown in Table 2 . MUAC, TS, and AFA correlated strongly with both arm (correlation coefficient, r ϭ 0.84 -0.92) and total body (r ϭ 0.78 -0.92) FM and this correlation did not significantly change after adjusting for factors that have an impact on individual body composition (age, sex, and body size). The correlations were similar between boys and girls with slightly lower r 2 for total body compared with arm FM. Arm anthropometry and FFM. Although MUAC and AMA also correlated with arm (r ϭ 0.76 and 0.82) and total body FFM (r ϭ 0.79 and 0.86), correlation coefficients were considerably lower after adjusting for age, sex and body size.
The r 2 for both FM and FFM were similar after adjusting for pubertal status (prepubertal versus pubertal; results not shown). Further analysis showed that mean paired differences between DXA derived left and right arm composition were 0.008 (SD 0.037) kg, p ϭ 0.03 for FM and 0.015 (SD 0.106) kg, p ϭ 0.13 for FFM and the correlations were 0.99 and 0.98 for FM and FFM, respectively. When all analyses were repeated using only left arm values as the reference, the pattern of correlations with arm anthropometry was negligibly different from using both arms values.
CF patients. Characteristics of CF children are shown in Table 1 . There was no significant gender difference in age, proportion of prepubertal subjects, anthropometry, and body composition except for BMI SD score. CF girls had a lower mean BMI SD score than CF boys. In comparison to the UK 1990 data, our CF boys were significantly shorter (p ϭ 0.016) 861 ARM ANTHROPOMETRY AND BODY COMPOSITION whereas CF girls were both shorter (p ϭ 0.054) and lighter (p ϭ 0.010) than healthy children.
Arm anthropometry and FM. The r 2 values are shown in Table 3 . The correlations between MUAC, TS, or AFA and FM were similar to those in healthy children, with strong correlations persisting after adjusting for age, sex, and height. The results were also comparable in boys and girls.
Arm anthropometry and FFM. Correlations between MUAC or AMA and FFM were poorer than those between arm anthropometry and FM. The correlation coefficients slightly dropped after adjusting for age, sex, and height, although they were stronger when compared with those in healthy children. However, in a general linear model, there was no statistically significant interaction between disease status and either AMA or MUAC on arm or total body FFM. Arm anthropometry correlated better with FM in CF girls than boys.
The r 2 for both FM and FFM were similar after adjusting for pubertal status (prepubertal versus pubertal, results not shown). Further analysis showed that mean paired differences between DXA-derived left and right arm composition were 0.002 (SD 0.028) kg, p ϭ 0.65 for FM and 0.008 (SD 0.070) kg, p ϭ 0.43 for FFM and the correlations were 0.99 and 0.96 for FM and FFM, respectively. Again, when all analyses were repeated using only left arm values as the reference, the pattern of correlations with arm anthropometry was negligibly different from using both arms values.
Examples of scatter plots showing the relationship between arm fat and muscle area and body composition for all CF children are shown in Figure 1 . The scatter of data between arm anthropometry and FM was tighter than that for FFM. Scatter plots for MUAC, TS in CF and equivalent plots in healthy children showed a similar pattern.
DISCUSSION
Our data suggest that arm anthropometric measurements and calculated indices are good for predicting regional and total body FM but not FFM. Additionally, there is no obvious 
862
benefit from calculating the more complicated indices such as AFA because TS or MUAC gave similar r 2 for predicting FM. The proportion of variability in FFM that can be accounted for by arm anthropometry is higher in CF patients than in healthy children. However, there was no statistical interaction between disease and either AMA or MUAC on FFM, suggesting that the predictive value of arm anthropometry does not differ significantly in healthy children and those with CF. In general, r 2 values for predicting total body FM or FFM tend to be lower than those predicting arm composition. This shows that good measurement or prediction of arm composition does not necessarily represent good prediction for total body composition. In CF girls, for example, arm anthropometry can account for approximately half of the variability in arm FFM but only one third for total body FFM. Because calculation of AMA and AFA is based on theoretical assumptions as described previously, several attempts have been made to modify the calculation and make it closer to cross-sectional values obtained by CT or MRI (18, 19) . The most well-known revised equation is the bone-free AMA proposed by Heymsfield et al. (18) . This equation subtracts midarm bone area (a constant value according to sex in adults) from the original equation on the basis that bone does not atrophy in proportion to muscle in severe wasting and that the original equation tends to overestimate AMA when compared with CT. However, this correction as it stands could not be applied in a pediatric population because of the greater variation in bone size. Therefore, in our study we used arm FFM, which includes bone and fat-free soft tissue to provide a reasonable comparison with anthropometric AMA, which also includes bone area.
Most studies attempting to explore the relationships between arm anthropometry and direct measurements of body composition have been done in adults. Reid et al. (29) found that MUAC, TS, and AMA correlated more strongly with fat than with lean mass in postmenopausal women. Kwok et al. (30) showed similar findings in an older Chinese population. Jeong et al. (31) demonstrated that in adults with cirrhosis who had diminished body fat, there was close correlation between AFA and FM but not AMA and lean mass. All three studies used DXA as the reference method for body composition (FM and lean soft tissue mass). Although these analyses were done without age or body size adjustment, their conclusions seem to agree with our study. This could possibly be explained by the narrow range of body size in these homogenous groups of adults compared with a pediatric population.
Our finding that correlations between arm anthropometry and FFM significantly decreased by about half after size adjustment suggests that the high correlation coefficients observed in some populations with a wide range of body size might arise from the strong relationship between both arm anthropometry and body composition and body size. For instance, a study by Heymsfield et al. (32) using dual-photon absorptiometry to quantify limb skeletal muscle mass in 34 adult volunteers (without body size adjustment) was the only For the pediatric population, when body size is changing dramatically and in whom growth is a very important factor for body composition change, age and body size should always be taken into account. In our study, height was used as an index of body size instead of weight or BMI because the latter is not independent from FM or FFM (e.g., FM is a part of body weight) (33) and could result in bias in the analysis of correlation.
In children, only one study comparing AMA and a surrogate marker of muscle mass such as creatinine excretion (34) has been done so far. Another study investigated the efficacy of AFA in estimating total body fat by hydrostatic weighting in a group of healthy individuals with wide age range from 6 to 50 y (35) . The results were quite similar to our study in that skinfold thickness and AFA strongly correlated with fatness but the researchers suggested that AFA was better than skinfolds in estimating FM. Nevertheless, this study did not take body size into account in the analysis and only used a twocomponent model of body composition as the reference method.
For total body composition, our study is the first that validates arm anthropometry against the four-component model, which is considered to be the "gold standard" for body composition at present. However, the accuracy of DXA for determining regional body composition is still under investigation. Elia et al. (36) showed that DXA better predicted limb muscle mass as measured by MRI than bedside techniques (anthropometry and bioelectrical impedance analysis). Although it has some limitations for measurement of soft tissue composition, DXA is still a practical method for measuring regional body composition when compared with gold standards such as MRI and CT, which are more complicated, expensive, and, in the case of CT, involve more radiation exposure. DXA-derived arm FM and FFM can therefore reasonably be used as reference measurements for regional body composition in children. In this study, we used DXA values for both arms as the reference for regional FM and FFM because we believed that it could lessen the error due to landmarks that separate the arm regions from thigh and trunk. Further analysis showed good agreement between left and right arm DXA-derived FM and FFM and the pattern of correlations with arm anthropometry was comparable to that obtained when DXA left arm values alone were used as the reference.
It should be noted that all correlations in our study are shown in the form of r 2 rather than r because it demonstrates more clearly the proportion of variability of the predicted outcome (body composition) that can be explained by potential predictors (arm anthropometry). For example, AMA showed significant correlation with total body FFM in CF patients (r ϭ 0.58; p Ͻ 0.001), but when r 2 is calculated, the variability in total body FFM that could be accounted for by AMA was only one-third (33%). It is therefore important in this situation to consider the meaning of r and r 2 rather than the p value, which is usually significant with large sample sizes.
Our study explored the association between arm anthropometry and body composition in two different pediatric populations-healthy children and those with a chronic disease-to determine the value of the indices in both a field research and a clinical setting. Despite the use of the best available reference methods and adjustments for age and size, extrapolation of these results into wider populations should be undertaken with caution. Our population consisted of healthy children and reasonably well-nourished patients in the age range from 4 to 14 y old so the results could not be applied to neonates and infants or to severely malnourished children where the relationship between arm anthropometry and body composition might be different. For example, a study from sub-Saharan Africa showed that MUAC was a practical screening tool in predicting subsequent inpatient mortality among severely malnourished children (37) .
In conclusion, simple arm anthropometry is useful for predicting FM and ranking healthy children and patients in terms of fatness. Unfortunately, both MUAC and AMA have poorer success as predictors for regional or total body FFM and the use of these indices in body composition assessment should be interpreted cautiously. However, determination of FFM is still very important in both research and clinical practice and current reference methods for measuring regional or total body FFM are not usually practical in clinical or field research settings. Other simple or bedside techniques for predicting FFM warrant further investigation.
